We present a study of interstellar comet 2I/2019 Q4 (Borisov) using both preperihelion and postperihelion observations spanning late September 2019 through late January 2020. The intrinsic brightness of the comet was observed to continuously decline throughout the timespan, not due to the phase effect but the decreasing effective scattering cross-section as a result of volatile sublimation with a slope of −0.43 ± 0.02 km 2 d −1 . Given the measurement uncertainties, we witnessed no change in the slightly reddish colour of the comet, with mean values of g − r = 0.68 ± 0.04, r − i = 0.23 ± 0.03, and the normalised reflectivity gradient across the g and i bands S (g, i) = (10.6 ± 1.4) % per 10 3Å , all unremarkable in the context of solar system comets. Using the available astrometric observations, we have a statistically confident detection of the nongravitational acceleration of the comet, implying that the nucleus is most likely 0.4 km in radius, and that a fraction of 0.4% of the total nucleus in mass has been eroded due to the sublimation activity since the earliest observation of the comet in 2018 December by the time of perihelion. Our morphology simulation suggests that the dust ejection speed increased from ∼4 m s −1 in 2019 September to ∼7 m s −1 around perihelion for the optically dominant dust grains of β ∼ 0.01, and that the observable dust grains are no smaller than micron size.
INTRODUCTION
Cometary object 2I/2019 Q4 (Borisov) (formerly C/2019 Q4, hereafter "2I") was discovered by G. Borisov on 2019 August 30 at apparent R-band magnitude m R ≈ 18 with a ∼7 condensed coma. 1 The orbital eccentricity of 2I is significantly hyperbolic (e = 3.36), indicating that 2I is unbound to the solar system and has an interstellar origin (Higuchi & Kokubo 2019) . Thus, 2I is the second interstellar small body ever observed in the solar system after 1I/2017 U1 ('Oumuamua) (Dybczyński & Królikowska 2018) . As opposed to 'Oumuamua, which appeared completely asteroidal in optical images by various observers (e.g., Bannister et al. 2017; Knight et al. 2017 ), 2I has been exhibiting an obvious cometary feature, indistinguishable from ordinary comets in the solar system in terms of its morphology and colour from the earliest observations since the discovery Guzik et al. 2019; Opitom et al. 2019) . Therefore 2I is observationally the first known interstellar comet that visits the solar system. Remarkably, Ye et al. (2020) successfully identified 2I in prediscovery data from the Zwicky Transient Facility (ZTF) all the way back to 2018 December, when the object was ∼8 au from the Sun.
In order to understand how 2I would evolve as it approached to the Sun and constraints on the physical characteristics of the object in contrast to typical solar system comets, we monitored 2I from 2019 late September to 2020 late January, covering an arc from over two months prior to the perihelion passage (t p = TDB 2019 December 8.6) to almost two months postperihelion. The paper is structured in the following manner. We describe the observations in Section 2, give results and analyses in Section 3, present discussions in Section 4, and conclude in Section 5. (Borisov) . Except that the two images from 2019 December 24 and 2020 January 01 are unfiltered due to the filter wheel issue, the others are in the r band. The trails in some of the panels are uncleaned artefacts from bright background stars. As indicated by the compass in the lower left, equatorial north is up and east is left. A scale bar of 1 in length is shown. Also labelled are the position angles of the antisolar direction (white arrow) and the negative heliocentric velocity projected onto the sky plane (cyan arrow). Note that in 2020 late January, as Earth was to cross the orbital plane of the comet, the two arrows become increasingly overlapped. We conducted observations of 2I using the University of Hawaii 2.2-m telescope and a Tektronix 2048 × 2048 CCD camera at the f/10 Cassegrain focus, through g', r', and I-band filters. To improve the temporal coverage of the comet, we included in our analysis publicly available data from the 0.6-m NEXT telescope at Xingming Observatory located in Xinjiang, China. Images from the UH 2.2 m telescope were tracked nonsidereally following the apparent motion of the comet. Due to a mechanical failure of the camera's filter wheel in 2019 December and the fact that the primary observations on these nights were made in white light, only unfiltered images of the comet were taken on 2019 December 24 and 2020 January 01. The images have a square field-of-view (FOV) of 7. 5 × 7. 5, and were 2 × 2 binned on chip, resulting in an image scale of 0. 44 pixel −1 . In order to mitigate artefacts such as cosmic ray hits, bad CCD columns and dead pixels, we dithered images between each exposure. Seeing during these observations varied between ∼0. 7 and 1. 0, typically ∼0. 8 (full width at half maximum, or FWHM, of field stars).
We also included data acquired from NEXT to improve the temporal coverage of the comet. Initially the images were taken through BVRI filters, and were later switched to the Sloan gri system starting from early October 2019 after a renovation of the observatory. Since the telescope could only follow the comet in a sidereal rate, an individual exposure time of 120 s was set so as to keep the trailing of the comet visually unnoticeable. The images have an image scale of 0. 63 pixel −1 in the 1×1 binning mode, with a FOV of 21. 5×21. 5. Seeing at NEXT, typically ∼2 -3 , was incomparable to that at the UH 2.2 m telescope, owing to a much lower elevation of the observatory.
All of the images were calibrated in a standard fashion, i.e., subtracted by bias frames taken from each night, and divided by flat-field frames that were generated from the science images in the same filters from the same nights, or neighbouring nights in a few cases, to fully eradicate influences from field stars and the comet. An additional step for the NEXT data was that before flatfielding dark frames were subtracted from the images. Cosmic rays and bad pixels were removed by L.A.Cosmic (van Dokkum 2001) and the IRAF task cosmicrays.
We show the observing geometry of 2I from the two telescopes in Figure 1 .
ANALYSIS

Photometry
Photometric measurements were performed slightly differently on images from the two telescopes. For data taken from the UH 2.2 m telescope, we measured the flux of 2I in the individual images, whereas for data from NEXT, we measured the flux on nightly median combined images through the same filters with alignment on the apparent motion of the comet. The aperture has a fixed projected linear radius of = 10 4 km at the topocentric distance of the comet so as to minimise potential biases from the aperture effect. The angular size of the chosen photometric aperture ( 4. 6 in radius) is always larger than the seeing FWHM while the signal-to-noise ratio (SNR) is close to maximal. The sky background was computed from a concentric annulus with inner and outer radii of 3× and 6× the photometric aperture radius. We have made tests by changing the annulus size, but the results are always consistent within uncertainties, which were determined from Poisson statistics of the CCD. We have also repeated the measurements with a fixed aperture of = 1.5 × 10 4 km in radius. The general shape of the lightcurve of the comet is the same, but with larger uncertainties and visually slightly greater scatter due to decrease in the SNR of the comet. So we conclude that our results should be robust.
On a few occasions for the UH 2.2 m observations taken prior to late January 2020, there are faint field stars that partly fall within the photometric aperture in some of the images. To clean the contamination, we first extracted a number of field stars from the same individual images using StarFinder (Diolaiti et al. 2000) , then fitted and obtained trailed PSF models, which were scaled by brightness and subtracted from the images. These stars have all been cleaned nicely, leaving no noticeable artefacts in the photometric aperture. In late January 2020, the comet was near the galactic equator and therefore the FOVs are packed with stars. We computed nightly median images registered on field stars in respective filters, in which the comet was removed nicely. These median images were used as templates for optimal subtraction with High Order Transform of PSF ANd Template Subtraction (HOTPANTS; Becker 2015), resulting in a much cleaner sky background. For the NEXT images, contamination of faint field stars is not a concern because they were removed in the nightly median combined stacks. Image zeropoints of the UH 2.2 m telescope were obtained from photometry of field stars in the individual images using an aperture of 9 pixels (∼4. 0) in radius, whereas for the NEXT data, we measured the image zeropoints on nightly median combined stacks with alignment of field stars using an aperture of 10 pixels (∼6. 3) in radius. Such apertures are large enough to enclose the majority of flux of the field stars and avoid aperture corrections due to varying seeing. Sky backgrounds were measured with a sky annulus having inner and outer radii 1.5× and 2.5× the corresponding aperture radii. Magnitudes of the field stars were taken from the Pan-STARRS1 (PS1) Data Release 1(DR1; Flewelling et al. 2016) , and were transformed from the PS1 system to the corresponding photometric bands using equations by (Tonry et al. 2012 ) for all of the observations but those from 2019 December 26 and thereafter, when the comet was at decl. < −30 • . In these cases we switched to the AAVSO Photometric All-Sky Survey Data Release 10 (APASS DR10; Henden et al. 2018) . 2 As for the unfiltered observations from the UH 2.2 m telescope, we initially included a linear colour slope to colour index g − r. However, after tests we immediately discovered that the colour slope is statistically zero at the 1σ level determined from field stars having colour indices in a range of 0.3 ≤ g − r ≤ 1.0, and therefore we ignored the colour term in the final version of the photometric reduction.
No significant systematic trend in the lightcurve of 2I is seen over the timespans (all lasted <1 hr) from our observing nights from the UH 2.2 m telescope, likely due to coma dilution (Jewitt 1991) . Thus, we only present the weighted mean apparent magnitude of 2I and the corresponding standard deviation of the repeated measurements in the same filters from the same nights in Figure 4a , together with measurements from NEXT.
The observing geometry of the comet varied considerably during our observation campaign, and thus must be corrected so as to investigate the intrinsic brightness of the comet from the apparent magnitude of 2I, denoted as m λ (r H , ∆, α), where r H and ∆ are respectively the heliocentric and topocentric distances of the comet, and α is the phase angle, via the following equation:
(1) Here, m λ (1, 1, α) is termed the reduced magnitude, and φ is the phase function of the comet, which is assumed to resemble those of the solar system comets and approximated as the empirical Halley-Marcus phase function by Marcus (2007) and Schleicher & Bair (2011) (see Section 4.1 for further discussions of the phase-angle correction). We present the results in Figure 4b . We thus notice that, although the apparent brightness of 2I was increasing on its way to perihelion and started to fade afterwards, the intrinsic brightness in fact has been steadily decreasing since our earliest observation of the comet from the UH 2.2 m telescope in 2019 September. This result appears to contradict the earliest observations of the comet that cover much shorter timespans Jewitt et al. 2020 ).
Nongravitational Acceleration
We obtained astrometry of 2I in the r-band images and the unfiltered ones from the nights when the filter wheel malfunctioned at the UH 2.2 m telescope with reduction using the Gaia DR2 catalogue (Gaia Collaboration et al. 2018) . No astrometric measurement was done with the NEXT images because of the low SNR of the comet and much worse seeing. Astrometric observations from other stations, downloaded from the Minor Planet Center (MPC) Observation Database, 3 in combination with our measurements, were then fed into orbit determination code FindOrb 4 . We debiased the astrometry by following the method described in Farnocchia et al. (2015) , followed by assignment of a weighting scheme detailed in Vereš et al. (2017) for observations downloaded from the MPC. This procedure was used because many observations are reported without positional uncertainties, and in cases for which they were reported, the MPC is not yet exporting them. Our astrometric measurements and those from the ZTF, including the prediscovery observations by Ye et al. (2020) , were weighted by the mea-sured positional uncertainties. In addition to the gravitational force by the Sun, perturbations from the eight major planets, Pluto, the Moon, and the most massive 16 main-belt asteroids, and the relativistic corrections were taken into account, although these were found to be unimportant in comparison to the gravitational effect from the Sun. The planetary and lunar ephemerides DE 431 (Folkner et al. 2014) were utilised.
Initially we attempted to determine a gravity-only orbit solution to the astrometric observations of 2I. However, we soon found that there exists a strong systematic trend in the astrometric residuals that could not be removed no matter how we adjusted the residual cutoff threshold. For example, the majority of our astrometric measurements from late January 2020 would have astrometric residuals 5σ, with one even exhibiting a deviation at ∼ 11σ, whereas the ZTF prediscovery positions are deviated from the calculated counterparts by 5σ. Therefore, we decided to further include the radial, transverse, and normal (RTN) nongravitational parameters, corresponding to A j (j =1,2,3), which were first introduced by Marsden et al. (1973) , now have been widely applied, and were modified by Hui & Farnocchia (in preparation) due to reasons described in , as free parameters to be solved in Find-Orb. Based upon the fact that the comet was found to be active far beyond the frost line within which sublimation of water ice will be dominant and therefore its activity was driven by more volatile substances such as CO and/or CO 2 (Ye et al. 2020), we applied both the CO and CO 2 nongravitational force models by Hui & Farnocchia. Having been aware that the sublimation of the supervolatiles in the observed heliocentric distance range of the comet would closely follow an inverse-square law (e.g., , we decided to include another nongravitational force model in which the nongravitational acceleration varies as r −2 H . Consequently, the systematic trend in the astrometric residuals does not exist anymore in any of the models. In particular, the astrometric residuals of our measurements and those from the ZTF are always at the 1σ level. Before obtaining the final solution, we further discarded astrometry from other stations with ad hoc residuals ≥ 2 as outliers (460 out of of the 2945 datapoints in total for both of the nongravitational force models). Our obtained best-fit RTN nongravitational parameters are summarised in Table 1 , where we can see that there is a confident detection of the nongravitational acceleration in the radial and normal directions, and that the three nongravitational force models render us comparable results within the uncertainties. Our detection of the nongravitational acceleration of 2I is unaffected by the out- 
Note-The epoch of the best-fit orbits is JD 2458924.5 = TDB 2020 March 16.0, referenced to the J2000 heliocentric ecliptic. We included 2485 astrometric observations from 2018 December 13 to 2020 March 16 to obtain the solutions for each of the models, with the same mean residual value of 0. 745. See Section 3.2 for detailed information. Note-Only the r-band datapoints were used to compute the best linear least-squared fit. See Figure 5 for the plot showing comparison between the best fit versus the data.
lier rejection threshold for astrometric observations. For example, if we discard observations with a tighter cutoff value of 1. 5, directly use the whole set of datapoints, or simply use our astrometric measurements and those from the ZTF, the resulting values of A j (j =1,2,3) are always within the ∼1σ level from those listed in Table  1 . Therefore, we favour that our detection of the nongravitational effect of 2I is authentic and robust. Taking the complex nature of cometary activity and the similarity between the three different nongravitational force models into consideration, we prefer not to judge which molecule is the main driver of the sublimation activity of 2I based upon the obtained results of the nongravitational effect, but regard the inverse-square force model as representative. 5 4. DISCUSSION Figure 5 . The reduced r-band magnitude of interstellar comet 2I/2019 Q4 (Borisov), mr (1, 1, α), versus the phase angle α. Datapoints from the two observatories are plotted as different symbols, as indicated in the legend in the upper left corner of the figure. The grey dashed straight line is the best linear least-squared fit (see Table 2 ).
Phase Function
When calculating the intrinsic brightness of 2I, we realised the actual phase function of the comet has a predominant influence on the result, as the phase angle varied nontrivially during the time period of our observing campaign. Thus, we feel the importance and necessity to discuss the phase function of 2I here.
In Figure 5 , we plot the reduced r-band magnitude of 2I (denoted as m r (1, 1, α) , see its definition in Equation (1)) versus the phase angle, from which we can see that the datapoints from our earliest observations of the comet to those with maximum phase angle α ≈ 30 • appear to vary linearly in a smooth manner with the phase angle. However, the trend for the datapoints starting from mid-December 2019 when the phase angle began to decrease is totally in disagreement with the earlier trend, indicating that there was variability in the activity of the comet during our observation campaign.
The obtained best-fit linear phase coefficient with the r-band magnitude datapoints and the goodness of the fit are given in Table 2 , where we can see that the reduced chi-square value is 1, suggesting an exceptionally poor fit. Furthermore, the obtained phase coefficient of the best fit, β α = 0.0543 ± 0.0009 mag deg −1 , is larger than many (if not all) of the known solar system comets (0.02 β α 0.04 mag deg −1 ; Meech & Jewitt 1987; Bertini et al. 2019) . We note that a considerably steeper backscattering phase function of the nearnucleus coma of comet 67P/Churyumov-Gerasimenko at small phase angles from the Rosetta mission was reported by Fink & Doose (2018) , who attribute the phenomenon to the presence of large transparent particles (at least µm size, and the imaginary index of refraction 10 −2 ) from the nucleus in the region. Using the best-fit parameters and including the measurement uncertainties by Fink & Doose (2018) , we obtained that the 3σ upper limit to the phase coefficient in the same phase angle range as the one during our observed time period of 2I is β α = 0.042 mag deg −1 , which still fails to be comparable to the best-fit phase coefficient value we found for 2I (Table 2) . Altogether, we favour that the decline in the intrinsic brightness of 2I shown in Figure 4b cannot be explained by a phase function of the comet that is deviated from the Halley-Marcus model we applied, but is authentic.
Color
We plot the colour indices g − r and r − i of comet 2I versus both time and the heliocentric distance in Figure  6 . The transformation by Jordi et al. (2006) was applied to derive the colour of the comet in the Johnson-Cousin system to the SDSS system. Generally speaking, similar to the solar system comets, the colour of 2I was slightly redder than the colour of the Sun ((g − r) = +0.46 ± 0.02, (r − i) = +0.12 ± 0.02; Willmer 2018) during our observing campaign from the UH 2.2 m telescope and NEXT. Given the uncertainties, we cannot spot any confident change in the colour of the comet, and thus derive the mean values of the colour indices as g − r = +0.68 ± 0.04, and r − i = +0.23 ± 0.03. The uncertainties are weighted standard deviation of the datapoints. Overall, the mean colour we found for the comet is consistent with the measurements by other observers (e.g., Guzik et al. 2019; Opitom et al. 2019 ) if transformed to the same photometric system when necessary.
For completeness we also calculate the normalised reflectivity gradient (A'Hearn et al. 1984; Jewitt & Meech 1986 ) across the g and i bands of the comet through the following equation:
where λ g and λ i are the effective wavelengths of the g and r bands, respectively. A negative value of the normalised reflectivity gradient indicates that the colour of the object over the filter pair region is bluer than that of the Sun. Otherwise it is redder. We plot the results versus time and the heliocentric distance in Figure 7 . The uncertainties are propagated from the errors in the photometric measurements. Again, given the uncertainties of the datapoints we cannot identify any changes in the normalised reflectivity gradient of the comet. We obtain the mean value as S (g, i) = (10.6 ± 1.4) % per 10 3Å , which is in agreement with de León et al. (2019), and is by no means outstanding in the context of known solar system comets and asteroids in cometary orbits (e.g., Licandro et al. 2018 ). The indication is likely that comet 2I was formed with chemical compositions in a way similar to those in our solar system, supporting arguments by 
Morphology
In the morphology of the dust tail of 2I lies the key to physical properties of the cometary dust grains therein. Their trajectories are determined by the initial ejection velocity v ej , the release epoch, and the β parameter, which is the ratio between the solar radiation pressure force and the gravitational force of the Sun, and is related to physical properties of dust grains by
Here, C = 5.95 × 10 −4 kg m −2 is a proportionality constant, a and ρ d are the radius and the bulk density of the dust grains, respectively. As the bulk density of dust grains in the coma of 2I remains unconstrained, we simply assume a constant value of ρ d = 0.5 g cm −3 , typical for solar system comets (e.g., Levasseur-Regourd et al. 2018, and citations therein). The syndyne-synchrone computation (e.g., Finson & Probstein 1968) by Jewitt et al. (2020) suggests that the observed optically dominant dust grains of 2I are of β ∼ 0.01, equivalent to a dust radius of a ∼ 0.1 mm given our assumed value of the dust bulk density. However, a shortcoming of the syndyne-synchrone computation is that it ignores the initial ejection velocity of dust v ej , which is physically unrealistic. A crude estimate of the ejection speed of the optically dominant dust grains can be gleaned by measuring the apparent length of the sunward extent to the dust coma of the comet from the following equation:
in which µ = 3.96 × 10 −14 au 3 s −2 is the heliocentric gravitational constant, and is the apparent sunward turnaround angular distance. Our observations show ≈ 2 in 2019 September to ∼3 in 2019 December. By inserting numbers into Equation (4), we find that the ejection speed varied from |v ej | ≈ 5 m s −1 in 2019 September to ∼8 m s −1 around perihelion for the optically dominant dust grains of a ∼ 0.1 mm in radius. If scaled to dust grains of β ∼ 1, the ejection speed in 2019 September is in good line with the result by Guzik et al. (2019, |v ej | = 44 ± 14 m s −1 ).
In order for us to better understand the morphology of the dust tail of 2I, we employ a more realistic Monte Carlo cometary ejection dust model to generate synthetic images of comet 2I. Except for the aforementioned parameters, the brightness profile of the dust coma is also governed by the size distribution of the dust grains, despite to a lesser extent. To maintain consistency with activity driven by volatile sublimation, we follow previ-ous literature (e.g., Whipple 1950; Ishiguro 2008) and parameterise the dust ejection speed as
where V 0 is the referenced ejection speed for dust grains with β = 1 (∼1 µm in radius) at a heliocentric distance of r H = 1 au, and assume a simplistic power-law distribution for the dust size, with a fixed differential power-law index value of γ = −3.6 (Fulle 2004; Guzik et al. 2019 ). This choice was made because our trial simulation shows that the spatial resolution and the SNR of our images are not sufficient to effectively constrain γ.
In our synthetic models, dust grains are released from the earliest observation of 2I by the ZTF in 2018 December (Ye et al. 2020) , following a canonical dust production rate scaled as r −2 H . We use the MERCURY6 package (Chambers 1999) to integrate dust grains of various values of β and the release epochs to the observed epochs, taking gravitational perturbation from the major planets in the solar system into account, although this effect is trivial as the comet has no close encounters with any of the major planets. The Lorentz force is neglected because of its unimportance at the covered heliocentric distances of 2I Hui et al. 2019) . The tridimensional distribution of the dust grains is then projected onto the sky plane viewed from Earth at some observed epoch. Thereby a bidi-mensional model image of the comet is formed, which is further convolved with a bidimensional Gaussian function with FWHM equal to the average FWHM of field stars in actual images, so as to mimic observational effects, including the instrumental point-spread effect and atmospheric seeing. The model image is then compared to the actual observations to identify the ranges of V 0 and a min that can minimise discrepancies between the two sets of images in the least-square space. Expectedly and through testing, we cannot constrain the maximum size of the dust grains from our observations, as they do not travel afar from the nucleus. We thus somewhat arbitrarily adopt a max = 0.1 m as a fixed parameter.
We summarise the best-fit results in Table 3 , with the best-fit models in comparison with observed image shown in Figure 8 . By applying Equation (5), we can see that the best-fit ejection speed for the optically dominant dust grains in the tail of the comet is in great agreement with the crude estimate from the sunward turnaround point. Our result for the UH 2.2 m observation from 2019 September 27 is consistent with Guzik et al. (2019, V 0 = 74±23 m s −1 ). Thus, we are confident to conclude that the dust ejection speeds of the comet appear to be low, only ∼15-30% of the ejection speed given by an ejection model assuming sublimation of water ice. In this regard, 2I is similar to some of the low-activity comets in the solar system, such as 209P/LINEAR (Ye et al. 2016) . Meanwhile, we notice that V 0 possibly has been increasing during our observed period of the comet. Similar phenomena amongst solar system comets have been identified observationally (e.g., Tozzi et al. 2011; Moreno et al. 2014 ). Yet given the large uncertainty we opt not to further interpret it.
Our best-fit results also indicate that the minimum grain size in the dust tail of 2I, which is found to be in a range between ∼3 µm and 1 mm in radius, is unsurprising in the context of solar system comets (e.g., Fulle 2004) . We thereby infer that the activity mechanism on 2I likely resembles that of typical comets in the solar system, whose dust grains are ejected from the nucleus surface by coupling with the gas flow of outgassing volatiles.
Activity
The activity level of the comet can be assessed through investigating its effective geometric scattering crosssection, which we compute from the r-band magnitude measurements using the following equation:
where C e is the effective scattering cross-section, p r is the geometric albedo of cometary dust in the coma of Note-We test the referenced dust ejection speed V0 in a step size of 10 m s −1 for V0 ∈ [0, 400] m s −1 , and the minimum dust radius amin ∈ 10 log a min /2 ∩ 10 −6.5 , 10 −3.0 m.
Figure 8.
Comparison between the best-fit modelled (white contours) and observed (background images) morphology of interstellar comet 2I/2019 Q4 (Borisov) on selected dates. A scale bar of 10 in length, applicable to all of the four panels, is shown. Equatorial north is up and east is left. See Figure 2 for the position angles of the antisolar direction and the negative heliocentric velocity projected onto the sky plane. The best-fit parameters are listed in Table 3. the comet, and m ,r = −26.93 is the apparent r-band magnitude of the Sun at the mean Earth-Sun distance r 0 = 1.5 × 10 8 km (Willmer 2018) . So far there is no constraint on the value of p r of comet 2I, and therefore we assume p r = 0.1 as the appropriate value for cometary dust (e.g., Zubko et al. 2017 ). The effective Figure 9 .
The temporal variation of the effective geometric scattering cross-section, converted from the r-band magnitude measurements, of interstellar comet 2I/2019 Q4 (Borisov). Apparently the downtrend is noticeable. Datapoints from the two observatories are discriminated by different point symbols as shown in the legend of the plot in the lower left corner. The grey dashed line is the best linear least-squared fit, whereas the vertical dotted grey line marks the perihelion epoch of the comet.
cross-section as a function of time of the comet is shown in Figure 9 , in which the decline of the intrinsic brightness of the comet is translated to a continuous decline in the effective cross-section within the photometric aperture of = 10 4 km in radius, which can be excellently approximated by a linear function with a best-fit slope ofĊ e = −0.43 ± 0.02 km 2 d −1 . We note that this result is incompatible with the observations by and Jewitt et al. (2020) . However, given the fact that our observation covered a much wider period range, we argue that while the general activity of the comet has been decreasing, there is likely short-term scale variability observed. We do not recall witnessing similar overall trends for the known solar system comets, whose effective scattering cross-sections generally increase and then decrease as they approach and recede from the Sun, respectively, unless outbursts occur. A plausible explanation is that the coma of 2I consists of an abundant number of icy grains that continuously sublimate until exhaustion of volatiles, whereby the effective scattering cross-section diminishes.
The change of the icy grain radius between epochs t 1 and t 2 can be estimated from
in which f s is the mass flux of sublimating volatile and can be obtained from the energy conservation equation for the comet:
Here, A B is the Bond albedo, S = 1361 W m −2 is the solar constant, 1/4 ≤ cos ζ ≤ 1 is the illumination efficiency (the lower boundary corresponds to an isothermal nucleus, and the upper one corresponds to the subsolar scenario), is the emissivity, σ = 5.67 × 10 −8 W m −2 K −4 is the Stefan-Boltzmann constant, and L is the latent heat of the sublimating species (e.g., L H2O ≈ 2.8 × 10 6 J kg −1 , L CO ≈ 2.8 × 10 5 J kg −1 , and L CO2 ≈ 6.1 × 10 5 J kg −1 , calculated based on Fray & Schmitt (2009) using the Clausius-Clapeyron equation), weakly dependent upon temperature T . The two terms in the right-hand side of Equation (8) correspond to energy spent in thermal reradiation and sublimation, respectively. Heat conduction into the nucleus is ignored because a typical cometary nucleus is highly porous (e.g., Prialnik et al. 2004, and citations therein) . We adopt A B = 0.04 and = 0.9, both typical for solar system small bodies (e.g., Lamy et al. 2004; Lederer et al. 2005; Li et al. 2016) . During our observed period, we expect that volatile sublimation is dominant and therefore approximate the mass flux by the inverse-square law. We can then find the change of the icy grain radius from
where θ is the true anomaly, expressed in radians, q = 2.01 au and e = 3.36 are the perihelion distance and eccentricity of the comet, respectively. Substituting, we find that for icy grains of a 0.5 m in radius that is comprised of H 2 O in the coma of 2I would be completely eroded away during our observing campaign, while for icy grains purely made of CO and CO 2 , only those with radii greater than ∼5 m and 2.5 m, respectively, would have a chance to survive.
The average net mass-loss rate in the fixed-size photometric aperture is related to the mean change rate of the effective cross-section bẏ
Given the difficulty in determining the mean dust radiusā as the maximum dust size cannot be well constrained, we instead use the optically dominant dust size β ∼ 0.01. Thus we obtain that the mean net mass-loss rate of comet 2I isṀ d ≈ −0.4 kg s −1 over the whole observed period. The negative value means that the newly produced mass in the photometric aperture of = 10 4 km fails to supply the mass that leaves the aperture due to the the solar radiation pressure force and/or nonzero ejection speeds. As we cannot really constrain the actual mass loss of comet 2I in the above manner, instead we examine it based upon our detection of the nongravitational effect of the comet, in essence owing to the momentum conservation:
Here, 0 ≤ κ ≤ 1 is the collimation efficiency coefficient of mass ejection, with the lower and upper boundaries corresponding to isotropic and perfectly collimated ejection, respectively, M n is the nucleus mass of the comet, g (r H ) is the adimensional nongravitational force function first introduced by Marsden et al. (1973) and then modified by Hui & Farnocchia, and v th = 8k B T / (πU m H ) is the thermal speed, where k B = 1.38 × 10 −23 J K −1 is the Boltzmann constant, U is the molecular weight of the sublimating substance, and m H = 1.67 × 10 −27 kg is the mass of the hydrogen atom.
Equation (11) can be separable and integrable to find the expression for the fractional mass erosion of the comet between epochs t 1 and t 2 :
We take t 1 ≈ TDB 2018 December 13.5, i.e., the earliest detection of the comet by the ZTF. The fractional mass erosion of the nucleus as a function of time with the assumption of a maximum collimation efficiency coefficient of mass ejection, i.e., κ = 1, corresponding to perfectly collimated ejection, is plotted in Figure 10 . Given the range of the collimation efficiency coefficient, and our obtained 1σ uncertainties of the nongravitational parameters in the best-fitted orbital solutions, we can conclude that since around the earliest detection by the ZTF of the comet, 0.6% of the total nucleus mass has been eroded due to CO-dominated sublimation activity by the perihelion epoch, or 0.4% in the case of sublimation of CO 2 ices, and the erosion continues to increase as the comet passed perihelion. Alternatively, we can transform Equation (11) to probe the nucleus radius of 2I as
Here, we assume a typical cometary nucleus density, ρ n = 0.5 g cm −3 (e.g., Pätzold et al. 2016 ). Emission lines of the comet have been detected by a number of observers (e.g., Fitzsimmons et al. 2019; Opitom et al. 2019; McKay et al. 2020; Kareta et al. 2020) . The most straightforward estimate of the mass-loss rate of the comet is constrained from the detection of the forbidden oxygen ([O I] 6300Å) line by McKay et al. (2020) , who assumed that H 2 O is the dominant source and derived a molecule production rate of (6.3 ± 1.5)×10 26 s −1 at heliocentric distance r H = 2.38 au. For sublimation of water ice, the equilibrium temperature at such helio-centric distance is 176 T 192 K. Plugging numbers in, Equation (13) yields an upper limit to the nucleus radius of 2I as R n (3.9 ± 0.3) × 10 2 m.
Likewise, while contribution to the [O I] 6300Å line from CO can be neglected owing to the long lifetime against photodissociation and a low branching ratio for releasing O( 1 D), it is also possible that CO 2 , rather than H 2 O, is the dominant molecule, wherein the molecule production rate should remain approximately unchanged (McKay et al. 2012, and private communication with A. McKay) . In this case, the equilibrium sublimation temperature is 101 T 106 K, with which we obtain the upper limit to the nucleus radius of 2I as R n (4.1 ± 0.4) × 10 2 m. We therefore conclude that, regardless of the dominant molecule, our constraint on the nucleus size of the comet is in excellent agreement with the HST observation by Jewitt et al. (2020) .
SUMMARY
We summarise our study of the observations from the UH 2.2 m telescope and 0.6 m NEXT of interstellar comet 2I/2019 Q4 (Borisov) in the following.
1. The intrinsic brightness of the comet was observed to decline starting from late September in 2019 to late January in 2020, on its way from preperihelion all the way to the outbound leg postperihelion. This behaviour, which appears uncommon in the context of solar system comets without outbursts, cannot be explained by the phase effect but the downtrend of the effective scattering crosssection due to sublimation of volatiles with a slope of −0.43 ± 0.02 km 2 d −1 .
2. We have a statistically confident detection of the nongravitational acceleration of the comet with the available astrometric observations. By the time of perihelion, a fraction of 0.4% of the total nucleus in mass has been eroded due to sublimation of CO/CO 2 ices since the earliest detection by the ZTF in 2018 mid-December. Assuming a typical cometary nucleus density (ρ n = 0.5 g cm −3 ), the nucleus is most likely 0.4 km in radius, in favour of the result from the HST observation by Jewitt et al. (2020) .
3. Our morphologic analysis of the dust tail reveals that the ejection speed increased from ∼4 m s −1 in 2019 September to ∼7 m s −1 for the optically dominant dust grains of β ∼ 0.01 (corresponding to a grain radius of a ∼ 0.1 mm, given an assumed dust bulk density of ρ d = 0.5 g cm −3 ). The dust grains with contribution to the effective geometric scattering cross-section are no smaller than micron size.
4. The colour of the comet remained unchanged with the uncertainty taken into consideration, which is, on average, unexceptional in the context of known solar system comets. We determined the mean values of the colour as g − r = 0.68±0.04, r − i = 0.23 ± 0.03, and the normalised reflectivity gradient over the g and i bands S (g, i) = (10.6 ± 1.4) % per 10 3Å .
